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Abstract
Vegetation phenology refers to the periodic cycle of plants. Environmental factors such as
precipitation, temperature and water availability contributes to determine the start and end of
vegetation phases. Vegetation phenology can be used to monitor climate change and weather
patterns because of its strong correlation with soil moisture and interannual variations in climate.
Vegetation characteristics such as Vegetation Water Content (VWC) and Normalized Difference
Vegetation Index (NDVI) derived from visible infrared (VIS/IR) remote sensing are used to
monitor vegetation phenology. However, in much occasions VIS/IR observations are
compromised by cloud cover and low solar illumination. On the other hand active microwave
remote sensing observations such as radar backscatter measurements from SeaWinds instrument
on QuikSCAT by supplying its own solar illumination can function during day and night and
with no constraints due to cloud cover. This study presents an evaluation of the three sources of
data: VIS/IR, passive microwave and active radar backscatter. In conjunct with other studies
currently taken place this study will contribute to the development of a phenological analysis that
is sensitive to active and passive remote sensing. Evaluation has been made by conducting time
series analysis from years 2002 to 2009 for different land covers at selected globally and
correlates these data sources. The analysis indicates that QuikSCAT signal appears to be an
accurate tool for monitoring vegetation phenology.
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1

Introduction

Vegetation phenology refers to the periodic cycle of plants. It describes the phases that
vegetation goes through each season. Those phases are known as greenup, maturity, senescence
and dormancy. The start and end of each of those phases are determined by environmental
factors which include temperature soil moisture and also human activity [1]. The importance of
monitoring vegetation phenology relies in the fact that by monitoring vegetation phenology we
can detect global environmental changes because of the strong correlation between them since
changes in climate cause alterations in rainfall patterns[2].Various published studies proves and
identified this correlation that occur mostly in humid climates [1]
Normalized difference vegetation index (NDVI) is related to physical vegetation characteristics
such as chlorophyll content, water content and green density and also to photosynthetic activity,
this makes NDVI a useful tool for monitoring vegetation phenology. NDVI is estimate from
satellite observations as follows:
NDVI= (NIR-VIS)/ (NIR+VIS)
Where VIS is spectral reflectance measurements acquired in the visible (red) while NIR stand for
the near-infrared region NDVI values fluctuates between -1 and 1. As good as it is for
monitoring phenology, NDVI index could be constrained by soil background and saturation
when biomass is at high levels[3]. Cloud cover, aerosol contamination, smoke, haze, snow cover,
low solar illumination and solar elevation angles are other factors that can cause interference
with the NDVI measurements[4].
Microwave radar remote sensing is an active microwave sensor, it supply its own illumination
and because of that it can function independently day or night and it is not constrained by the
limitation factors mentioned before QuikSCAT, ENVISAT and NASDA are examples of active
satellite sensors. Passive Microwave records the electromagnetic energy that is naturally emitted
from the earth surface. AMSR-E, SMMR, SSM/I are passive microwave sensors. Radar emits
shorter wavelengths than VIS/IR this contributes to more accurate and efficient monitoring of the
phenology cycles. Microwave radar remote sensing also has limitations however most of its
limitations are related to the way the sensor was design [4]. Various authors has evaluated the
4

used of active microwave for monitor vegetation phenology. Frolking et al. for example present
an analysis for monitoring vegetation phenology in North America.
This study presents an evaluation of the three sources of data: VIS/IR, passive microwave and
active radar backscatter, and has the primary objective of correlate VIS/IR, Passive Microwave,
and Active Microwave Product to understand Vegetation Phenology under different land cover
classes globally. In conjunct with other studies currently taken place this study will contribute to
the development of a phenological analysis that is sensitive to active and passive remote sensing.
The methodology used to achieve our objective consist of make an evaluation by conducting
time series analysis from years 2002 to 2009 for different land covers at selected sites globally
and correlates the different data sources. Then scatter plots were made to determine the
correlation coefficient R between the three data sources. Also a global correlation map was
generated to observe correlation factor for every pixel on the map. The analysis indicates that
QuikSCAT signal appears to be an accurate tool for monitoring vegetation phenology.
For the VIS/IR data, the NDVI obtained from the Moderate Resolution Imaging
Spectroradiometer (MODIS) were used. For the passive microwave data the VWC from the
Advanced Microwave Scanning Radiometer for EOS (AMSR-E) were selected. For the active
microwave, data from the SeaWinds backscatter instrument on QuikSCAT were used. For
selecting the regions for analysis a land cover classification map from the Advanced Very High
Resolution Radiometer (AVHRR) processed at the University of Maryland Global land Cover
Facility were used. Detailed description of each data set is provided in the next sections.
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2.1

Data Sources

Radar Backscatter from QuikSCAT

A scatterometer is an active microwave sensor radar that measures the reflection of the incident
light in the surface of the earth that is produced when the instrument is scanning from a satellite
or an aircraft [5]. The scatterometer emits a pulse of microwave energy to the surface that is
reflected back to the instrument, that diffused microwave energy reflected back is called
backscattering and can be observed in Figure 1, opposite to specular refection (Figure 1), diffuse
reflection reflects back in all direction rather than in only one direction [6].

Figure 1 : Diffuse reflection and specular reflection in red and blue respectively
(Source: http://en.wikipedia.org/wiki/Diffuse_reflection)

Scatterometers are primarily used to measure ocean surface winds. Since they are capable of
collect high resolution measurement regardless the atmospheric or weather conditions. Since
1990's and on the scientific community has been using scatterometer data to monitor sea surface
winds due to the accuracy observed in measurements obtained. But data obtained from
scatterometers are not only used for monitor wind speed and direction, it also have been
successfully applied to monitor soil moisture, polar ice and vegetation [7].
2.1.1 QuikSCAT
Quick Scatterometer (QuikSCAT) from NASA was launched to space on June, 19, 1999 from
Space Launch Complex 4 at Vandenberg California Air Force Base. This project was managed
for NASA's Earth Science Enterprise by the Jet Propulsion Laboratory SeaWinds is an active
microwave radar that was design to measure sea surface wind speed and direction a diagram of
6

the instrument is shown in Figure2 it consist of an antenna that rotates at 18 revolutions per
minute. Microwaves pulses irradiates at a frequency of 13.4 GHZ from the antenna covering
approximately 90% of to the Earth surface daily collecting data from ocean, land and ice [5, 7].

Figure2 : SeaWinds Scatterometer
(Source: http://winds.jpl.nasa.gov/aboutScat/sws_dwg.cfm).

The following instrument specifications were obtained directly from the "QuikSCAT Science Data
Product User's Manual,"vol. Version 3.0 [7] :



Frequency: 13.4 gigahertz; 110-watt pulse at 189-hertz pulse repetition frequency (PRF)



Temporal resolution: 90-percent coverage of Earth's oceans every day.



Spatial resolution: 25km.

The primary objective of this satellite was to measure ocean surface winds speed and direction.
2.1.2 Data Description
The data set used in this study was the SeaWinds on QuikSCAT Level 2B Ocean Wind Vectors
in 25 Km Swath Grid (QSCAT_LEVEL_2B). This data is available from year 1999 to 2009
form which we used years from 2002 to 2009. Resolution is 25km by 25 km.
The data is provided in horizontal polarization (

-

, V-

pol.). Mladenova in An Assessment of QuikSCAT Ku-Band Scatterometer Data for Soil Moisture
Sensitivity states that "Greatest sensitivity to soil moisture were observed when using Vpolarized backscatter in previous studies" [8], in this study we are using V-polarized backscatter
data as well.
7

2.1.3 Data Processing
Data is provided daily, but in order to conduct the study the data were averaged every 16 days
using MatLab to be able to correlate with normalized difference vegetation index (NDVI),
vegetation water content (VWC) data (described further) and conduct time series analysis. Data
is projected in cylindrical equal area or Gall-Peters projection, NDVI data set has to be
reprojected to match QuikSCAT data.
Figure 3 below shows mean values of all years in study (2002 to 2009) of the QuikSCAT data
sets. As can be observed from the figure all values are negative since they were obtained from
backscattering. Regions with highest vegetation content has higher values as can be observed in
the Amazon (in South America) and Congo (in Africa) areas. Regions with less or no vegetation
at all present lowest values as observed in the Sahara desert region in Africa.

Figure 3 : QuikSCAT mean values for the eight year time period in study (2002-2009)

2.2

Vegetation Water Content (VWC) from AMSR-E

The Advanced Microwave Scanning Radiometer for EOS (Earth Observing System) (AMSR-E)
on board the Advanced Earth Observing Satellite II (ADEOS II) is passive microwave
radiometer system. This means that this instrument measures the radiation that is naturally
emitted from the Earth's surface. The radiation naturally emitted from the surface will depend on
the temperature and moisture content on it [9].Figure 4 illustrate the ways in which naturally
8

irradiate energy could be measure by a passive sensor. AMSR-E measures brightness
temperatures at 6.925, 10.65, 18.7, 23.8, 36.5, and 89.0 GHz. Spatial resolutions are 6 x 4 km
(89.0 GHz), 14 x 8 km (36.5 GH

. The instrument takes

vertical and horizontal polarization measurements [10].

Figure 4 : Passive microwave remote sensing
"The energy recorded by the sensor can be emitted by the atmosphere (1), reflected from the surface (2),
emitted from the surface (3), or transmitted from the subsurface (4)"
(Source: http://www.nrcan.gc.ca/earth-sciences/geography-boundary/remote-sensing/fundamentals/2021)

2.2.1 Data Description
Vegetation Water Content (VWC) "is the total water content in the vertical column of vegetation
averaged over the retrieval foot print, it include vegetation and surface roughness parameter at
10.7 GHz resolution "[11]. This product was obtained from AMSR-E land surface product
(AE_Land3). Spatial resolution used was 25 km in cylindrical equal area or Gall-Peters
projection. The size of the grid is 586 rows by 1383 columns [12].
2.2.2 Data Processing
Data is available on a daily basis from 2002 to present, but we used data up to 2009 and
averaged it every 16 days using MatLab. Figure 5 shows image obtain from AMSR-E VWC
data, zero values (in white) represents as an ocean or no data retrieval. Areas with highest
vegetation (like the Amazon and Congo) has higher values, poor vegetation to bare soil has
lowest values.
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Figure 5 : VWC mean values for the eight year time period in study (2002-2009)

2.3

Normalized Difference Vegetation Index from MODIS

Moderate Resolution Imaging Spectroradiometer (MODIS) is aboard two satellites from NASA.
Terra (EOS AM) and Aqua (EOS PM). Terra satellite pass north to south across the equator
during the morning. Aqua pass south to north over the equator during the afternoon, the two
satellites complements to cover the Earth's surface every 1-2 days. Data from MODIS instrument
is available from each satellite or a composition of the two satellites is also available. Data
obtained from MODIS is primarily used for monitoring land, oceans and atmosphere[13].
2.3.1 Data Description
The Data set used to this study was obtained from MOD 13 - Gridded Vegetation Indices. This
data set includes the Normalized Difference Vegetation Index (NDVI) which was already
calculated and corrected for cloud coverage. NDVI is defined as
NDVI= (NIR-VIS)/ (NIR+VIS)
VIS is spectral reflectance measurements acquired in the visible (red) while NIR stand for the
near-infrared region. NDVI values fluctuated between -1 and 1. The Highest the NDVI value the
richest the vegetation content. Zero and negative values indicate bare soil, water, snow or ice.
10

From Figure 6 we observed that most vegetated areas such as Amazon and Congo has NDVI
values from 7 and above. Deserted regions such as Sahara desert present values near zero. Water
and frozen regions in the North Pole has negative values.

Figure 6 : NDV Index mean values for the eight year time period in study (2002-2009)

2.3.2 Data Processing
NDVI data was obtained specifically from the FTP file MOD13C1.005(Vegetation Indices 16Day L3 Global 0.05Deg CMG) .This data was collected by Terra satellite, for years 2002 to 2009
with 16 days temporal resolution and spatial resolution of 5.6 km. Version-5 MODIS/Terra
Vegetation Indices products are Validated Stage 2, that means these data is ready for use in
scientific publications.MOD13C1 is classifiedlevel-3 product Data was projected on a 0.05
degree (5600-meter) Geographic Climate Modeling Grid (CMG)[14]. Since this data is provided
in geographical projection it was necessary to reprojected it to cylindrical-equal area or GallsPeters projection in order to match QuikSCAT SeaWinds and AMSR-E VWC projections. To
perform the reprojection of the images the program HDF-EOS To GeoTIFF Conversion Tool
(HEG) was used. This program was developed by NASA and allows to reformat, reproject,
subsetting, stitching and subsampling. It can read data from MODIS (AQUA and TERRA)
ASTER, MISR, AIRS, and AMSR-E HDF-EOS. The program is also capable of make
conversions from one format to another and it is a standalone application.
11

2.4

Land Cover Classification data from AVHRR

The Advanced Very High Resolution Radiometer (AVHRR) is a sensor aboard the NOAA's
Polar-orbiting Operational Environmental Satellites (POES). The primary objective of this
sensor is to monitor clouds distribution, land water, snow, ice and sea surface temperature.
Global Land Cover classification data obtained from the Advanced Very High Resolution
Radiometer (AVHRR) were used. This data were processed at the University of Maryland
Global land Cover Facility. Data is originally available at 8km pixel resolution on geographical
projection. To be able to use the data it was reprojected to cylindrical equal area (Gall-Peters)
projection. For the reprojection of this data the program ARC-GIS was used. The figure below
shows the values for the 13 vegetation classes available on the map.

Figure 7 : Land Cover Classification data from AVHRR
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3

Methodology

From the classified regions on Figure 7 areas were the vegetation present more uniform
characteristics in combination with areas with less NaN or no data values were selected to
perform the analysis on different regions across the globe. Selected sites for analysis are marked
on the map. Each site selected is 2pixels by 2 pixels. The following Land covers were selected in
the majority of the areas across the globe.


Deciduous Broadleaf Forest



Mixed Forest



Wooded Grassland



Open Shrubland



Grassland



Cropland.

To investigate correlation between the three types of data sources, for each one of this land cover
types a time series analysis were conduct for each data set (NDVI, VWC and QuikSCAT) and
correlation coefficient (R) were determined. In areas with distinguish climate seasons the frozen
periods were not taken in account.

Figure 8: Selected sites for analysis across the globe.
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4.1

Results and Discussions

Site Analysis, Cropland
Cropland is defined as "lands with >80% of the landscape covered in crop-producing
fields which not include woody crops"[15]. For this land cover type sites in USA, South
America, Africa, Europe and Australia were analyzed. Sites in which there exists
distinguishable seasons the winter season is not included in the analysis
For United States region the scatter plots and time series analysis are shown in the graphs
below.

Figure 9: Cropland land cover scatter plot in USA region.

Figure 10: Time series analysis for Cropland land cover in USA region

15

For northern latitudes relative consistent R correlation values of NDVI and VWC were found. In
this case strongest correlation was observed between NDVI and QuikSCAT (0.90), but
correlation between VWC-QuikSCAT is still high (0.59). Early growing season QuikSCAT
signal were observed for most of the years and when precipitation data was added (in gray) we
observed that QuikSCAT data present high response to precipitation variability. This must be
due to the higher sensitivity to water content that Active Microwave has relative to VIS/IR that is
more sensitive to the greenness.

Figure 11: Cropland land cover scatter plot in South America region.

Figure 12: Time series analysis for Cropland land cover in South America region
In South America region similar situation as in USA were but in this case VWC-QuikSCAT
present a correlation factor lower than 0.5 even though lower values or winter periods were not
include in the analysis. Further In the global correlation map is observed that generally at low
16

latitudes VWC- QuikSCAT correlation values are lower. Since this point is located at a low
coordinate in Argentina it is not the exception to the general observation.

Figure 13: Cropland land cover scatter plot in Africa region.

Figure 14: Time series analysis for Cropland land cover in Africa region

For Africa region a point in the tropics was selected for analysis. For this reason no data points
were exclude since no distinguish seasons takes place in the tropics. In this region the highest
correlation were observed between VWC and QuikSCAT (R=0.91).
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Figure 15: Cropland land cover scatter plot in Europe region.

Figure 16: Time series analysis for Cropland land cover in Europe region

In this case significant similarities were observed between precipitation time series and data time
series for all three data sources. Although R factor >0.5 between NDVI and QuikSCAT, better
correlation were observed with VWC-QuikSCAT. This case show how better correlations in
general were found at higher latitudes.
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Figure 17: Cropland land cover scatter plot in Australia region.

Figure 18: Time series analysis for Cropland land cover in Australia region.

This crop region is located at the very south west corner of Australia. R=0.86 correlation is
observed between QuikSCAT and NDVI and R=0.46 between QuikSCAT and VWC.
QuikSCAT saturation can be observed in the NDVI scatter plot while very sparse distribution is
observed in the VWC plot.
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4.2

Site Analysis, Deciduous broadleaf forest

This land cover type is defined by the University of Maryland as "lands dominated by trees with
a per cent canopy cover >60% and height exceeding 5m. Trees shed their leaves simultaneously
in response to dry or cold seasons"[15].

Figure 19: Correlation coefficient for deciduous broad leaf forest in USA region.

Figure 20: Time series analysis for deciduous broadleaf forest in USA region.

This land cover type present one of the highest correlation factors between NDVI and
QuikSCAT as observed in the graph (R=0.91). Correlation VWC-QuikSCAT present more
sparse distribution opposite to NDVI- QuikSCAT in which we observed saturation and
correlation value is 0.66.
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4.3

Site Analysis, Grassland
This land cover type is defined as "Lands with continuous herbaceous cover. <10% tree
or shrub canopy cover. So, in general this land cover type is very close to the soil"[15].

Figure 21: Correlation coefficient analysis for Grassland in USA region.

Figure 22: Time series analysis for Grassland in USA region

Very similar correlation values between the three sources of data sets were observed in this case
for grassland land cover type. Also less saturation and more uniform distribution relative to
cropland land cover type.
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4.4

Site Analysis, Mixed Forest

Mixed forest are defined by the Global land cover facility at the University of Maryland as
"lands dominated by trees with a percent canopy cover >60%, the height of trees exceeding 5m.
Consists of tree communities with interspersed mixtures or mosaics of needle leaf and broadleaf
forest types. Neither type has <25% or >75% landscape coverage"[15].

Figure 23: Correlation Coefficient analysis for Mixed Forest in USA

Figure 24: Time series analysis for Mixed Forest (USA)

Mixed forest land cover present high correlation NDVI-QuikSCAT (R=0.88), However
distribution is not uniform and we can observe saturation on the scatter plot. The time series
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analysis clearly shows the well correlation. VWC however present more sparse distribution and a
correlation factor of 0.43.

Figure 25: Correlation Coefficient analysis for Mixed Forest in Africa

Figure 26: Time series analysis for Mixed Forest in Africa
Mixed forest in Africa present better correlation NDVI-QuikSCAT. Distribution is very similar
for both data sources but VWC-QuikSCAT presents lower correlation. (R=0.40)
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4.5

Site Analysis, Open Shrubland

Land cover type defined as "lands dominated by shrubs. Shrub canopy cover is >10% and <40%.
Shrubs do not exceed 2m in height and can be either shrub canopy cover between 10–60%. The
shrub foliage can be either evergreen or deciduous. The remaining cover is either barren or of
annual evergreen or deciduous herbaceous type"[15].

Figure 27: Correlation Coefficient analysis for Open Shrubland in USA region

Figure 28: Time series analysis for Open Shrubland in USA region

In this land cover type we can observe in the time series a close correlation between the
precipitation and the three data sources. NDVI-QuikSCAT and VWC-QuikSCAT correlation
values are close (0.65 and 0.72 respectively), but NDVI-QuikSCAT present a more sparse
distribution
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Figure 29: Correlation Coefficient analysis for Open Shrubland in Africa region.

Figure 30: Time series analysis for Open Shrubland in Africa region
Similar correlation values as the latter case can be observed in this region. Similar distribution of
points can also be noticed in both NDVI-QuikSCAT and VWC-QuikSCAT.
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4.6

Site Analysis, Wooded Grassland

Wooded grassland is defined as "10–40% tall woody canopy cover. Trees exceed 5m in height
and can be either evergreen or deciduous"[15].

Figure 31: Correlation Coefficient analysis for wooded grassland in USA region

Figure 32: Time series analysis for Wooded Grassland (USA)

The highest and uniformly distributed correlation values were observed in this land cover type.
NDVI-QuikSCAT and VWC-QuikSCAT present relatively closed correlation values.
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Figure 33: Correlation Coefficient analysis for wooded grassland in South America region.

Figure 34: Time series analysis for Wooded Grassland South America.

The same observations as before can be made in South America region for this land cover type.
We can conclude that the well balance between greenness and moisture content that this land
cover type present is what makes distribution values uniform and the similarities in correlation
values between data sources.
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Figure 35: Coefficient analysis for wooded grassland in Africa region.

Figure 36: Time series analysis for Wooded Grassland, Africa

In this case although all data sources present high correlation we observed saturation in both
cases. If we look at the time series we see how this case presents a really accurate pattern
especially in the maturity season.
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Figure 37: Coefficient analysis for wooded grassland in Europe region.

Figure 38: Time series analysis for Wooded Grassland, Europe

Uniform distribution and high correlation was observed between NDVI-QuikSCAT, however
distribution is more sparse between VWC and QuikSCAT. If we observe the precipitation in this
area is really low relative to the other regions we already studied, so we expected lower
vegetation water content as observed in the graphs.
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Figure 39: Coefficient analysis for wooded grassland in Australia region.

Figure 40: Time series analysis for Wooded Grassland Australia

As observed in other land cover types, behavior patterns in Australia region were more
unpredictable. a regional and detailed Analysis might be need to be conducted in this area to be
able to identify behavior trends. In this case VWC and QuikSCAT present better correlation but
not so uniform distribution.
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4.7

Site Analysis, Woodlands

This land cover is defined as "lands with herbaceous or woody understories and tree canopy
cover of >40% and <60%. Trees exceed 5m in height and can be either evergreen or
deciduous"[15].

Figure 41: Correlation coefficient analysis for woodland in Africa region

Figure 42: Time series analysis for Woodland, Africa.

Correlation coefficient is extremely high this case (R=0.95) similar behavior was observed at the
other regions. Since this land cover type present similar characteristics as mixed forest we found
well balance between vegetation water content and greenness, son in most cases R values were
high.
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4.8

Site Analysis, Closed Shrubland

Closed Shrubland is defined as "Lands dominated by bushes or shrubs. Bush and shrub per cent
canopy cover is >40%. Bushes do not exceed 5m in height. Shrubs or bushes can be either
evergreen or deciduous. Tree canopy cover is <10%. The remaining cover is either barren or
herbaceous"[15].

Figure 43: Correlation coefficient analysis for Closed Shrubland in Australia region

Figure 44: Time series analysis for Closed Shrubland in Australia

In this case although distribution is similar for both cases higher correlation was observed
between NDVI and QuikSCAT. We can conclude that lower correlation values between but
VWC and QuikSCAT were due to low vegetation water content in this region.
32

5

Comparative Analysis

In general for the regions in study the correlation between QuikSCAT backscattering and NDVI
was significant since for most other cases, nearly for half of them, correlation coefficient R2 is
above 0.4. And for nearly one third of the sites correlation coefficient was above 0.5. Correlation
statistics between QuikSCAT backscattering and VWC are nearly the same as between
QuikSCAT and NDVI with the difference that values of R2 above 0.4 and 0.5 in most cases
occur for a land cover types different than those who present higher correspondence on NDVI.
For the United states region significant correlation (R2=0.35-0.83) was found between
QuikSCAT and NDVI for most sites being the land cover types, deciduous broad leaf forest ,
mixed forest and wooded grass land the ones who present higher correlation values, 0.83,0.83
and 0.75 respectively. Cropland covers type also present nearly high value of 0.73. Correlation
values for VWC were lower relative to NDVI (R2=0.16-0.60). Land cover type wooded
grassland present the highest correlation among all other types with a value of 0.60 then open
shrubland, deciduous broad leaf forest and cropland follows with values 0.52 , 0.44, 0.42
respectively. It is important to note here that the second highest value in VWC correlation (open
shrubland, 0.52) was the second lowest value on NDVI (0.43).
In South America region generally lower correlation values (NDVI R2=0.025-0.8 and VWC
R2=0.008-0.69) were found for both vegetation indices relative to USA region. Wooded
grassland present highest NDVI correlation (0.80) followed by cropland (0.78) while lowest
correlation was observed for open shrubland. On the other hand VWC present highest correlation
value (0.77) on open shrubland land cover, followed by wooded grassland (0.69) all other
correlation values in this case were consider low (R2<0.30)
In Africa region we observed the highest correlation value between QuikSCAT and NDVI of all
sites and it was 0.91 for the woodland cover type, highest correlation value between QuikSCAT
and VWC was also found in this region, 0.83 for cropland. However cropland lowest QuikSCAT
- NDVI R2 value for all sites was 0.14 in this same site. Correlation values for NDVI fluctuates
between .04 and 0.91 and VWC values between 0.035 and 0.83
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Average correlation values were found in Europe-Asia region (NDVI R2=0.039-0.85 and VWC
R2=0.14-0.67) and like all discussed above sites NDVI R2 values for wooded grassland and
cropland were the highest observed (0.85 and 0.48 respectively). VWC R2 values for cropland
was the highest (0.67) followed by evergreen needle leaf forest (0.51).
Generally the lowest correlation values for all sites were observed in the Australia region were
only one value was above 0.5 and that was the NDVI R2 for cropland (0.75) besides that all other
values fluctuates between 0.025 and 0.28. Same pattern were found on VWC R2 values were the
highest value was 0.38 for wooded grass land and rest values varies from 0.027 to 0.22.
Negative correlation was also observed for evergreen needle leaf forest land cover type and for
one grassland area.
In general wooded grassland cover type presents the highest correlation values between
QuikSCAT and NDVI for all sites except Australia while Evergreen Broadleaf forest present
lowest to nonexistent correlation. In the case of VWC highest correlation values varies between
wooded grassland, cropland and open shrubland, while lowest values were observed in
Evergreen Broadleaf forest and some mixed forest land cover areas.
Figure 45 below shows correlation map between QuikSCAT and NDVI for all years in study. we
observed not significant variations from year to year and as observed on the site analysis higher
correlation values (in orange to red) were observe in places where we encounter not so arid and
not so greenish vegetation. So if we compare this map with the land cover map we see that the
orange to red areas correspond to mixed forest, wooded grassland, woodland and cropland areas
mostly. Figure 46 presents correlation map between VWC and QuikSCAT. And we can make
here the same observation as before with the difference that if we observed the low latitudes in
South America and Australia continents we will see how in those areas correlation values are
low to non-existent. In the regions of Amazon and Congo we observed point of high correlation.
Figure 51 and 52 are provided a more detailed view of the aspects described before.
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Figure 45: Global correlation maps between NDVI and QuikSCAT for all years in study
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Figure 46: Global correlation maps between VWC and QuikSCAT for all years in study
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Figure 47: Global correlation maps between NDVI and QuikSCAT

Figure 48: Global correlation maps between NDVI and VWC
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6

Conclusions and Future work

In general for highest values of NDVI lower correlation were observed, this could be due to that
QuikSCAT backscattering is more sensitive to the canopy structure ( water content, size and
canopy distribution) than to the greenness or color of the canopy, and NDVI is more sensitive to
the greenness of vegetation. This is why land cover types such as wooded grassland woodland or
mixed forest that has well balance between greenness and moisture content present higher
correlation values. Whenever the greenness density increases like in land cover type such as
evergreen broadleaf forest, we then observed decrease in correlation values. Also when land
cover type aridity increases we observe decrease in correlation R values as well.
In most to all regions of the Amazon and Congo NDVI-QuikSCAT correlation were low to
non-existent, While VWC present correlation spots of up to R=0.97. VWC present low
correlation with QuikSCAT back scattering at low coordinates regions such as the very south
regions of Argentina and Australia, while NDVI present better correlation in those regions, as
well as most deciduous forest regions in the north. The global analysis in this study shows that,
especially in the tropics, lower and higher latitudes, active and passive microwave combine has
the potential to deliver accurate phenology measurements that overcomes VIS/IR measurements
limitations and could provide more comprehensive phenology information. Further detailed
investigation in Australia region will help to understand phenology in that region since for most
cases we observed unpredictable behavior in signal for all three data sources.
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